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INTRODUCTION 
It has been estimated that the capacity for generating 
electric energy will have to be doubled every ten years in 
order to meet the ever increasing demand of the growing popu­
lation and the trend toward an increasingly automated tech­
nology. Fast breeder type nuclear power reactors can directly 
help to solve this major problem. Development of the fast 
breeder will offset rising fuel costs in the future because 
the fuel-cycle cost is estimated to be only about one-half a 
mill per kilowatt-hour for the commercial breeder, yet the 
capital cost is comparable to that of a light-water plant. 
The breeder reactor will recover about 70 percent of the 
energy locked in the fuel whereas light-water reactors re­
cover less than two percent. Therefore, the fast breeder 
reactor will also help to conserve our fuel resources. In 
addition to the economic aspects and energy conservation, the 
fast breeder reactor might well be a key element in solving 
some of the pollution problems. 
The advent of the fast breeder reactor has created con­
siderable interest in the development of liquid metal tech­
nology. Liquid metals with their unique properties have been 
proposed for several uses in the fast reactor technology. 
The most important application has been as a reactor coolant 
to remove the extremely high heat fluxes produced in the 
relatively small cores of the fast reactor. Among the liquid 
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metals, liquid sodium shows the most desirable properties. 
However, the corrosion problems associated with liquid sodium 
are quite different from those commonly associated with aque­
ous or gaseous coolants. This problem, which has been a 
limiting factor in the development of fast breeder reactors, 
has also limited the use of other liquid metals. Much of the 
early work concerned with the compatibility problem of liquid 
metals involved a phenomenological approach which concen­
trated on testing and categorizing certain metals and alloys 
as suitable containers. In general, the refractory metals 
have been shown to have better resistance to sodium attack 
than stainless steels and nickel-base alloys. However the 
economic factor as well as the extensive past experience with 
Fe-Cr-Ni alloys for the pressure vessels and other reactor 
components have rendered them to be the most attractive con­
tainer materials for liquid sodium. It has been found that 
impurities in the liquid sodium may have a considerable effect 
on the corrosion of these alloys. The interstitial impurities 
oxygen, nitrogen, hydrogen and carbon are generally considered 
to be of importance. The presence of oxygen has been shown to 
accelerate the corrosion of these alloys and the formation of 
various compounds has been reported or postulated. However, 
the reaction products have not been completely identified or 
characterized. 
The purpose of this investigation was to identify the 
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reaction products formed by oxygen-saturated sodium in con­
tact with Inconel 600 (Ni-76.13, Cr-15.39, Fe-7.71, Si-0.32, 
Mn-0.21, C-0.04 wt %), at 650, 750 and 850°C. Furthermore, 
the characterization and thermodynamic properties of the 
reaction products formed in the Na-Cr-0, Na-Fe-0 and Na-Ni-0 
systems were investigated. The thermodynamic data permit one 
to calculate the critical oxygen concentrations for the 
formation of the reaction products in each system. Obviously, 
the results obtained from this investigation are pertinent to 
the understanding of the mechanism involved in the corrosion 
of Fe-Ni-Cr alloys in oxygen-containing sodium. They also 
provide the reactor engineer with some quantitative informa­
tion on the oxygen concentrations in sodium which are neces­
sary to prevent the formation of corrosion products in the 
coolant system. Some of the initial work with Inconel has 
already been published. 
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REVIEW OF THE LITERATURE 
Corrosion by Liquid Metals 
Liquid metal corrosion can be briefly defined as any 
destructive or deleterious interaction which occurs on direct 
contact between a solid container and a metal in the molten 
state. The process involved in liquid metal corrosion is not 
yet completely understood. However, it is generally agreed 
that there is no transfer of electrons, as in the case of 
electrochemical corrosion, and weight gain or weight loss is 
usually involved in the interaction. The materials are said 
to be compatible with a liquid metal only when they can co­
exist in a particular environment without chemical or metal­
lurgical change. Compatibility between the components of a 
system containing a liquid metal has been subjected to numer­
ous investigations in recent years. Interactions which reduce 
compatibility have been categorized and postulated by several 
investigators (1-6). 
Mechanism of Liquid Metal Corrosion 
Interactions occur because of the tendency to reach 
thermodynamic equilibrium at the interface between the solid 
and liquid metals. Chemical potential gradients at the inter­
face provide the driving force. In general, these inter­
actions can be categorized into the following types: 
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1. Dissolution of solid metal in liquid metal. 
2. Grain boundary penetration of the solid metal by the 
liquid metal. 
3. Impurity reactions. 
4. Mass transfer due to a concentration gradient. 
5. Mass transfer due to a temperature gradient. 
6. Formation of intermetallic compound or alloying between 
solid and liquid metals. 
Any one or any combination of the above mechanisms can 
occur during the corrosion and the process becomes even more 
complicated when alloys are involved. Since the first three 
types were the only ones of interest in this investigation, 
they will be described in some detail in the following para­
graphs. The other mechanisms are of more concern in loop 
test conditions (7,8) and are not discussed here. 
Dissolution of solid metal into the liquid metal 
Simple solution of the solid metal into the liquid metal 
is the basis of most of the mechanisms. Electrochemical 
effects, associated in the aqueous corrosion, are not observed 
in the liquid metal systems simply because they are not ion­
izing solvents. Dissolution of the solid metal in the liquid 
metal occurs when the chemical potential of the solid metal in 
the pure state differs from that of the solid metal in solu­
tion with the liquid metal. At constant temperature the 
process proceeds until the chemical potential for the given 
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metal reaches an equilibrium state between the two phases. 
The amount of attack due to dissolution can be estimated qual­
itatively from the phase diagram of the two components. A 
comprehensive review of the solubilities of metallic elements 
in liquid sodium has been given by Claar (9). The rate of 
dissolution has been studied extensively by many investigators 
(10,11). The rate of dissolution is governed by the solution 
rate at the solid-liquid interface and by the diffusion rate 
of the solute away from the stagnant boundary layer. It was 
also found that grain boundaries as well as crystalline 
imperfections affect the dissolution rate. 
Grain boundary penetration of the solid metal by the liquid 
metal 
The inward diffusion of liquid metal and the preferential 
dissolution of solid metal along the grain boundaries are fre­
quently referred to as grain boundary penetration or inter-
granular attack. This process involves diffusion of liquid 
metal atoms from the bulk of the liquid into the solid metal 
grain boundaries. Considerable work has been done in this 
area (12-14). In general, intergranular attack occurs if the 
grain-boundary interfacial energy, is greater than twice 
the solid-liquid interfacial energy, Yg^. One can also pre­
dict whether grain boundary penetration will occur by esti­
mating the dihedral angle from the known surface tension data 
for the solid, liquid, and grain boundaries (15). It was also 
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reported that in some cases the liquid metal simply diffuses 
through the solid metal along grain boundaries and caused 
little structural damage (16,17). 
Impurity reactions 
Impurities are always present in both solid and liquid 
metals. In most cases the metallic impurities unless present 
in significant amounts are of little concern. However, the 
presence of non-metallic impurities such as oxygen, hydrogen, 
nitrogen, and carbon can play an important roll in liquid 
metal corrosion. The reactions between the solid metal and 
the impurities in the liquid metal and the interactions among 
the impurities themselves are probably the least understood 
of the various types of corrosion mechanisms. Since oxygen is 
present in large quantities in the atmosphere and is frequently 
present to some extent in many metals and alloys, its effect 
on the rate of corrosion due to a change in the solubility of 
the solid container metal in the liquid metal, and the effect 
of accelerating the grain boundary penetration are of particu­
lar concern. Redistribution of oxygen between the solid metal 
and the liquid metal has been studied by many investigators 
(18-22) . The effect of oxygen on the rate of dissolution of 
the solid metal has also been subjected to extensive studies. 
Mottley (23) has stated that any change in the solubility of 
the container metal in the liquid metal due to the presence 
of oxygen is likely to be caused by the dissolution of the 
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container metal oxide. The presence of a very stable oxide of 
the liquid metal should have very little effect on the dis­
solution of the container. However, Weeks (24) has pointed 
out that more often than not, the container metal oxide is 
insoluble in the liquid metal. The corrosion rate due to mass 
transfer in systems in which temperature gradients or concen­
tration gradients exist could be changed considerably due to a 
small change in the solutility limit. The rate of corrosion 
is also affected by the formation of certain stable double 
oxides such as NaCr02 and (Na20)2*Fe0 (25-27). The formation 
of a double metal oxide would be expected to increase the 
rate of corrosion because it does not normally adhere strongly 
to the metal surface or form a protective layer or film. Non­
adherent products would be eroded more easily than a metal 
surface. Chandler and Hoffman (18) and Mottley (23) have 
postulated that the double oxides probably dissociate in the 
liquid metal which then frees the oxygen to interact with the 
solid metal again. This cycling effect has been applied to 
explain gross effects of oxygen on the liquid metal corrosion 
detected in some systems. Other interstitial impurities such 
as nitrogen, hydrogen and carbon also play an important role 
and have been studied to some extent (28-30). However, due 
to the fact that oxygen is the major concern in this investi­
gation, the reactions due to the presence of other impurities 
will not be discussed here. 
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The primary purpose of this investigation is to identify 
and to characterize the double oxides formed in the Fe-Ni-Cr 
alloys and oxygen-containing sodium systems; furthermore, to 
determine their thermodynamic properties and to calcul ate the 
critical oxygen concentration for their formation in a given 
system. 
Corrosion Behavior of Stainless Steels and Nickel-Base 
Alloys in Liquid Sodium 
The primary constituents of stainless steels and nickel-
base alloys are iron, nickel and chromium, none uf which form 
intermetallic compounds with sodium and consequently the 
principal mode of attack by pure sodium might be expected 
to bd dissolution of the alloy components. Solubilities of 
metallic elements in liquid sodium have been studied by many 
investigators and a comprehensive review was done by Claar 
(9). The recommended equations for the solubilities of iron, 
nickel and chromium in liquid sodium are, 
log Sp^(ppm) = 5.16 - (1) 
log Sj.(ppm) = 2.07 - (2) 
log S°y(ppm) = 9.35 - (3) 
In these equations S° is the solubility in parts per million 
by weight and T is the temperature in degrees Kelvin. Solu­
bility of oxygen in liquid sodium has been investigated by 
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different investigators with different techniques (31,32). 
Kassner and Smith (33) have surveyed the literature and for 
the temperature range of 150 to 550®C they recommend the fol­
lowing expression, 
log (atom %) = 7.12 - 6444/T. (4) 
The free energies of formation (34) of the oxides of 
sodium, iron, nickel and chromium show that the standard free 
energy change for the reaction 
MO^ + 2xNa -»• M + xNa20 (5) 
is negative for iron and nickel at temperatures below about 
1200°C and is negative for chromium at temperatures below 
about 300°C but positive at higher temperatures. Therefore, 
at temperatures above 300°C it is reasonable to anticipate the 
formation of CrgO^ or, because this oxide is acidic relative 
to Na20, the formation of sodium chromite, NaCr02. Thorley 
and Tyzack (26) have mentioned that the film formed on a 316 
stainless steel specimen surface after sodium exposure was 
shown to be a compound of the sodium chromite type (NaCrOg). 
However, no results were given on the chemical and X-ray 
analyses. Their microprobe results show nickel and chromium 
depletion at the surface. Roy and coworkers (35) have re­
ported the results of X-ray analysis of the particulates 
deposited in the high temperature regions in a flowing non-
isothermal sodium and 316 stainless steel loop. They con­
cluded that the deposit found in the cold region of the loop 
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is predominantly NaCrOg. Hiltz (36) also reported that X-ray, 
electron microscopy and electron microprobe analyses show 
that the scale on 316 stainless steel is NaCr02. Since the 
chromium content of most nickel-base alloys is equal to or 
greater than that in stainless steels, one would also expect 
the formation of NaCrOg on the surface of nickel-base alloys. 
Initial work in the present investigation (37) showed that 
this compound is indeed formed on Inconel 600 specimens after 
250 hours equilibration with oxygen-saturated sodium in the 
temperature range of 650 to 850°C. Horsley (25) contacted 
iron with sodium containing several percent NagO and identi­
fied a complex sodium ferrite, (Na20)2*FeO. He suggested 
that this, or a similar complex, was the state in which iron 
existed in sodium. Thorley and Tyzack (26) also predicted 
that iron may precipitate as (Na20)2*Fe0 in the cooler region 
of a stainless steel loop. Hiltz (36) reported that sodium 
ferrite Na2Fe20^ was detected by X-ray analysis on the scale 
of 300 series stainless steels exposed to 1200°F sodium con­
taining 20 ppm oxygen. Thermomagnetic analysis and calorimet-
ric studies of the reaction of ferric oxide with liquid sodium 
carried out by Charles and Biggs (38) have shown that quanti­
tative reduction of the oxide to iron metal occurs at about 
350°C and at still higher temperatures a portion of the iron 
metal is reconsumed, apparently to form a double iron-sodium 
oxide. However, Harbourne (39) and Weeks and Klamut (40) 
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believe that FeO is formed in the hot zone of a circulating 
sodium loop and is then brought to the cold zone where it is 
reduced by sodium to form highly dispersed iron particles and 
no ferrates are deposited in the cold zone. Therefore, up to 
date there has been no agreement among the various investi­
gators about the existence or character of the iron-sodium 
double oxide in equilibrium with liquid sodium. The forma­
tion of nickel-sodium double oxides has not been observed in 
stainless steels or nickel-base alloys in oxygen-containing 
sodium systems. The crystal structures and chemical proper­
ties of some NaM02 type double oxides have been reported (41-
43) and a comprehensive review and discussion has been given 
by Szabo (44). 
Electromotive Force Cells with Solid Electrolytes for 
Equilibrium Thermodynamic Measurements 
The solid electrolyte emf technique was employed to 
measure the standard free energies of formation of some of 
the double metal oxides and therefore the development and 
theory of solid electrolytes are discussed briefly in this 
section. The use of nonaqueous galvanic cells at elevated 
temperatures is a technique that has been applied success­
fully to derive thermodynamic or kinetic data. The theory 
is discussed in detail in many texts (45-49) . The basis for 
solid electrolyte galvanic cells was first established by 
Wagner (50). Based on the theoretical consideration of the 
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transport of ions and electrons in a crystalline binary com­
pound Mz^Xz^, he derived the relationship 
c.) 
^x" 
where E is the reversible cell potential, F is Faraday's 
constant, t. is the sum of the ionic transference numbers, ion 
and and are the chemical potentials for the nonmetal and 
metal ions, respectively. and are the valence state of 
the anion and cation respectively. and (or y^, and 
y^,,) represent the chemical potentials at the reversible elec­
trodes with y^, < y^„ (or y^, > y^„). Equation 6 must be 
satisfied regardless of the chemical equation chosen to repre­
sent the virtual cell reaction. In contrast to the aqueous 
electrolyte, in which electronic conduction is always negli­
gible, the conduction of crystalline compounds is a summation 
of the ionic and the electronic contributions. Only a few 
binary and ternary compounds exhibit exclusive ionic conduc­
tion (t^Q^ > 0.99). However, this condition is limited to a 
specific range of temperature and chemical potentials of the 
components of the electrolyte. The ionic transference 
number, tj^gn» the partial conductivities of a given elec­
trolyte must be known before a correct interpretation of the 
cell voltage can be made according to Equation 6. Once the 
reversible cell potential E is obtained the following rela­
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tionship can be derived for the Gibbs free energy change AG 
for the chemical reaction involved, 
AG = -n F E (7) 
where n is the equivalents of charge passed through the ex­
ternal circuit of the cell. In principle, AH and AS for the 
cell reaction also can be derived by applying the Gibbs-
Helmholtz relations to the temperature dependence of the cell 
voltage. 
The criteria for reversibility of an electrochemical cell 
have been discussed by many investigators. Oriani (51) stated 
that the electrolyte must exhibit only ionic conductivity, the 
cation must have a known single valence state with respect to 
the anions of the electrolyte. Only one reaction should 
occur at each electrode interface and the cell must be oper­
ated at a high enough temperature to facilitate equilibrium 
with respect to diffusion at each electrode. In addition the 
cell emf should be time independent at constant temperature, 
should be reproducible whether the cell is heating or cooling, 
and should also recover to its original value after current 
is passed through the cell in either direction. Schmalzried 
(52) suggested that several other problems have to be consid­
ered in addition to the criteria described above: (i) if 
the electrolyte is made by sintering, one can have molecular 
transport via pores or grain boundaries from one side to the 
other in the electrolyte, (ii) at high temperatures, reac­
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tions between the electrolyte and adjacent solid phases are 
possible, and (iii) the effective charge of the charge carrier 
must be known. Kiukkola and Wagner (53) have also mentioned 
the problem of mass transport due to capillary action through 
the electrolyte and surface diffusion on the electrolyte 
pellet surface. 
Wagner (54) and Kroger (55) have discussed the applica­
tions of many solid type electrodes and their possible com­
bination to form solid electrolyte galvanic cells. The elec­
trical conductivity of "pure" Th02 and some Th02-Y202 solid 
solutions has been measured at 1000°C under partial O2 pres­
sures ranging from 1 to 10 atm by Bauerle (56). The 
electronic conductivity is observed to be p type and to in­
crease with increasing Og pressure. However, the ionic con­
ductivity is at least one order of magnitude higher in the 
above pressure range. Lasker and Rapp (57) found that no 
significant excess electron conductivity was indicated for 
any Th02-Y202 composition at oxygen partial pressures as low 
as those for Cr-Cr202 equilibrium coexistence. They also 
found that with increasing ^2©^ content in Th02-Y202 electro­
lytes, the P02 range for exclusive ionic conduction is ex­
tended to higher P02 and the maximum ionic conductivity 
occurs at 15 mole % YgO^. Hardaway and coworkers (58) used 
the emf method to determine the lower limit of oxygen activity 
for essentially pure ionic conduction in Thg ggY^ 15®1 925 
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for the temperature range 775 to 1000°C. Their results indi­
cate that the oxygen transference number is essentially unity 
in this range when log Pgg ^  29 - (6.5xlO^/T). Here P02 is 
oxygen partial pressure in atm and T is the temperature in 
degrees Kelvin. The chemical potential of oxygen of non-
stoichiometric M0O2 was measured by Zador and Alcock (59) 
using a high temperature galvanic cell with 9Th02 + YO^ g as 
solid electrolyte. A similar electrolyte is also being used 
extensively in an oxygen activity monitoring device for 
liquid sodium in nuclear reactor coolant systems (60,61). 
The instrument is sensitive to oxygen concentrations below 
0.1 parts per million and responds quantitatively and instan­
taneously (< 1 sec) to concentration changes. 
Rapp and Shores (62) have reviewed the application of 
galvanic cells with solid electrolyte for thermodynamic meas­
urements. They have selected some standard free energy data 
which are believed to be the most reliable based on the 
stated precision and the apparent reliability of the experi­
mental technique. Some of the data, which are pertinent to 
this investigation, are given in Table 1. 
Single crystal CaFg was also used as a solid electrolyte 
in this investigation. Some of the pertinent data on its 
behavior are discussed here. Ure (63) has found CaF2 to be 
an ionic conductor from 600 to 1000°C with F ion defects 
(interstitials and vacancies) responsible for the conduction. 
Table 1. Data for coexistence electrodes involving oxygen 
Range Coexistence equation Standard free energy Log Pg. 
(°K) change (cal) (1000°C) 
967 -1373 2Fe304 + 1/2 O2 = 3Fe203 -59 ,000 + 33. 9T + 120 - 5. 47 
924 -1328 2Cu + 1/2 O2 = CU2O -39 ,000 + 17. OT + 65 -6. 24 
911 -1376 Ni + 1/2 O2 : = NiO -55 ,840 + 20. 3T + 50 -10. 30 
949 -1272 3"FeO" + 1/2 O2 = Fe^O 4 -74 ,500 + 29. 4T + 85 -12. 75 
903 -1540 Fe + 1/2 O2 = = "FeO" -62 ,950 + 15. 49T ' + _ 100 -14. 84 
1300 -1600 2/3 Cr + 1/2 0; = 1/3 Cr^O, -88 ,900 + 20. OT + 300 -21. 8 
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Fluorine self-diffusion studies in CaFg carried out by Matzke 
(64) between 350 and 940°C have shown that the results were 
in agreement with diffusion coefficients deduced from ionic 
conductivity studies. Magnani e^ (65) have used emf cells 
with CaFg as solid electrolyte to determine the thermodynamic 
data of several thorium-transition metal compounds in the 
temperature range of 600 to 850°C. Skelton and Patterson (66) 
have used cells of the type Ni,NiF2/CaF2/M',M'F^ to study the 
standard free energy of displacement reactions involving 
selected metals and their respective coexisting fluorides in 
the temperature range of 581 to 1252°K. Similar cells were 
also used by Rezukhina and Kokarev (67) to study the thermo­
dynamic properties of ThRe2 and YRe2 intermetallic compounds 
in the temperature range of 770 to 1180°K. Hinze and Patter­
son (68) concluded that the ionic transference number for 
CaFg is essentially unity when log Ppg ^ (10.5 - 6.3xlO^/T). 
Where Ppg is fluorine partial pressure in atm and T is the 
temperature in degrees Kelvin for the range 823 to 1123®K. 
The standard electromotive forces for solid metallic fluorides 
have been given by Hamer and coworkers (69). The standard 
free energies of formation of CaF2 and NaF used in the calcu­
lations that are to follow were derived from their emf data 
and are expressed as follows: 
AG^aF = (-289,204 + 39.8T) + 460, (8) 
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AG°aF = (-136,358 + 23.67T) + 460, 
where AG° is standard free energy of formation in cal/mole 
and T is in degrees Kelvin. 
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EXPERIMENTAL PROCEDURES 
Reaction Band Studies 
Inconel crucibles 0.75" in diameter by 2.0" long were 
charged in a controlled atmosphere dry box with reactor grade 
sodium and enough sodium oxide to exceed the solubility limit 
for various equilibration temperatures. These crucibles were 
attached to a rotating vertical jig or fixture which was in­
serted in a muffle furnace maintained at the desired tempera­
ture and equilibrated for 250 hours. The test crucibles were 
then removed and rapidly cooled with a forced air draft. The 
Inconel capsules were opened and the remaining sodium was 
distilled off at 350°C under vacuum. The sodium-Inconel 
interface was then subjected to analyses. 
Similar procedures were also applied to study the reac­
tion products formed in nickel and iron crucibles. In addi­
tion to the sodium oxide, some nickel and iron powders were 
added along with the reactor grade sodium into the iron and 
nickel testing crucibles, respectively. The addition of metal 
powder was made to assure formation of a sufficient amount of 
the equilibrium compound, if any was formed, to permit its 
analysis and characterization. 
Phase Analyses and Identification 
Sections of testing crucibles were polished and etched 
so that the reaction band formed at the reaction interface 
as well as any grain boundary penetration could be detected 
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by microscopic examination. Electronmicroprobe analyses were 
also conducted on the specimens to provide information on 
element distribution at interface regions. 
Some of the reaction product or compound formed at the 
corrosion interface of Inconel was removed with a small grind­
ing tool. The powder obtained was further ground in an agate 
mortar and pestle and then screened through a 325 mesh screen. 
The material which passed through the screen was used for 
X-ray diffraction analyses. In the case of iron and nickel 
tests, residue powders obtained after distilling off the 
sodium at 300°C were used for Debye-Scherrer diffraction pat­
terns. In certain cases some single crystal diffraction data 
were also obtained with diffractoraeter, Weissenberg and pre­
cession cameras. 
The sodium remaining in the capsules after a corrosion 
test was analyzed for iron, nickel, and chromium. Chemical 
analysis was also conducted for the compound NagNiOg to check 
the sodium and nickel content in order to confirm its stoi-
chiometry. 
Preparation of Compounds 
Reagent grade materials were used to prepare the com­
pounds investigated. Care was taken to remove all surface 
films from the reaction crucibles before the reactions were 
carried out. 
The NaCr02 compound was synthesized in an open tantalum 
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crucible under vacuum in an induction furnace by the reaction 
8 SOT 
NagCOg + CrgOg NaCrOg + CO.. (10) 
The same compound was also obtained by reacting pure chromium 
crystals with oxygen-containing sodium at 850°C in a nickel 
crucible. The compounds NaFeOg and NaNi02 were prepared by 
carrying out reactions 
FegOg + NagO 600°C^ 2NaFe02 (11) 
2NiO + NagOz 2NaNi02 (12) 
in open crucibles made of nickel and silver, respectively, 
under a helium atmosphere. X-ray powder diffraction patterns 
were taken for each compound for the purpose of identifica­
tion. 
Disodium nickel dioxide, NagNiOg, was similarly prepared 
by carrying out the reaction 
NiO + NagO NagNiOg. (13) 
The compound, Na2Fe02, was prepared in an iron crucible by 
the reaction 
f inn°r  
FeO + Na20 Na^FeOg. (14) 
The compound (Na20)2*Fe0 was prepared by the reaction 
FeO + 2Na20 600°C^ (Na20)2'Fe0. (15) 
An attempt to prepare (Na20)2*NiO by this same method was 
unsuccessful. 
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Determination of Thermodynamic Properties 
Galvanic cells with solid electrolytes were used to 
study the standard free energy of formation of the compounds 
of interest. A schematic diagram of the apparatus is shown 
in Figure 1. The apparatus was built as an integral part of 
a controlled atmosphere glove box. Chromel-alumel thermo­
couples were used to determine cell temperatures. The brass 
head (Figure 1) was water cooled and a vacuum-tight joint was 
also obtained with the furnace quartz tube by using an 0-ring 
seal. The cell was heated by a non-inductively wound split 
tube furnace. The power was regulated by Variacs and the tem­
perature was controlled within + 1°C. The experiments were 
carried out in a helium atmosphere with the pressure slightly 
above one atmosphere. The helium which also circulated 
inside the glove box was purified continuously by passing it 
through an oxygen and nitrogen gettering furnace with Zr-Ti 
alloy chips at 650°C and also a moisture gettering chamber 
filled with Linde molecular sieves. The cell emf was measured 
with a Leeds and Northrup K-3 potentiometer and an electronic 
D-C null detector. A differential voltmeter (Model 1002) 
made by Precision Standards Corporation was also used to 
measure the cell voltages. 
The solid electrolytes employed were obtained from com­
mercial sources. Single crystal CaFg electrolyte in the form 
of discs one inch in diameter and 1/8 inch thick as well as 
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Figuré 1. Schematic diagram of the apparatus for éltif measure­
ments 
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crucibles one inch outside diameter and 3/4 inch inside diam­
eter were obtained from Harshaw Chemical Company, Solon, 
Ohio. The ThO^'lS wt % Y2O2 electrolyte in the form of discs 
3/4 inch in diameter and 1/8 inch thick and crucibles 1/2 inch 
outside diameter with 3/64 inch wall thickness and 1 « 5 inches 
high were obtained from Zirconium Corporation of America, 
Solon, Ohio. Ames Laboratory high-purity calcium metal cast 
in a 3/4 inch outside diameter Armco iron crucible was em­
ployed as anode with the CaFg electrolyte. Pressed and sin­
tered pellets of CU2O and copper, obtained from Dr. J. W. 
Patterson of this Laboratory were employed as reference elec­
trodes with the thoria-yttria electrolyte. The other elec­
trodes were prepared by mixing the desired phases or compon­
ents in the glove box. Electrodes in which sodium metal was 
one of the phases were prepared by melting the sodium in an 
appropriate Armco iron or nickel crucible and the solid com­
ponents mixed into the sodium. In some electrodes in which 
the phases were all solid such as the Na20,(Na20)2FeO,Fe 
electrode, the powders were mixed and loaded into a steel die, 
the die was then enclosed in a sealed plastic bag, removed 
from the glove box, and the components pressed into a pellet. 
The die was returned to the glove box, disassembled and the 
pellet removed. The pellet was then placed in an Armco iron 
crucible which in turn was inserted into the glove box furnace 
tube and sintered. Pellets of NaCr02, Cr202, Cr, NaP were 
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similarly prepared but were sintered at 850 and 950°C in a 
different furnace. These sintered pellets were the only 
pellets that could be handled in air with no deleterious 
effects or apparent reaction. 
The anode, electrolyte, and cathode were assembled in 
the glove box and contact between them was maintained by 
means of a spring loaded quartz push rod as shown in Figure 1. 
The schematic diagram of a cell with yttria doped thoria, 
Th02'15 w/o y2^3' the electrolyte is shown in Figure 2 
while the schematic diagram of a cell with single crystal 
CaF2 as electrolyte is shown in Figure 3. The experimental 
apparatus was checked out by measuring the emf of the cell 
Ni,Ni0/Th02*Y202/Cu20,Cu. The calculated values for the cell 
emf were reproduced within + 2 mV. This indicated that the 
apparatus was properly arranged. 
Standard free energy of formation of NaCr02 
The cell used to study the standard free energy of forma­
tion of NaCr02 compound can be represented as 
Na,Cr,NaCr02/Th02-Y203/Cu20,Cu. 
The anodic and cathodic reactions for this cell can be written 
as 
Anode Na + Cr + 20" NaCr02 + 4e~ 
Cathode 2CU2O + 4e 4Cu + 20" 
Overall Na + Cr + 2CU2O ->• NaCrOg + 4Cu (16) 
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Figure 2. Schematic diagram of the NarCr.NaCrOg/ThO^'Y^Og/ 
CugO^Cu cell arrangement 
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The number of phases and the number of components are 
equal in the anode and cathode and according to the phase 
rule the degree of freedom is zero for any given temperature 
and pressure. Therefore at equilibrium the cell emf can be 
related to the free energy change of reaction 
AG = -4EF = AGOfNaCrOg] - ZAC^CCugO). (17) 
The two terms on the right side represent the standard free 
energy of formation of sodium chromite and cuprous oxide, 
respectively. Consequently 
AGOCNaCrOg) = -4EF + ZAG^CCUgO). (18) 
Since AG°(Cu^O) is known (Table 1), the emf of the cell at a 
given temperature permits one to calculate AG°(NaCr02)• 
The standard free energy of formation of the compound 
NaCr02 was also investigated by using single crystal CaF2 as 
the solid electrolyte. The cell in this case can be repre­
sented as 
Ca/CaP^/NaF,Cr202,Cr,NaCr02. 
Here the anode and cathode reactions are, 
3/2 Ca + 3F ^  3/2 CaF2 + 3e" 
3NaF + 2Cr202 + 3ë + 3NaCr02 + Cr + 3F, 
respectively. The overall chemical reaction for this cell is 
3/2 Ca + 3NaF + 2Cr20L 3NaCr02 + 3/2 CaFg + Cr. (19) 
One can relate the AG°(NaCr02) to the measured emf of the 
cell by the relation 
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AG^CNaCrOg] = -EF - l/ZAGOCCaFg] + Z/SAGOCCrgOg) + AG°(NaF). 
( 2 0 )  
The standard free energy for the compounds CaF2 and NaF were 
calculated from Equations 8 and 9 while AG^CCrgO^) was calcu­
lated from the relation given in Table 1. Therefore, it is 
possible to calculate AG^CNaCrOg) by using Equation 20 for 
the temperature span investigated. 
Standard free energy of formation of compounds Na2M02, NaNiO^ 
and (Na20)^'FeO 
The standard free energy of formation for the compounds 
Na2Ni02 and Na2Fe02 were studied by using cells of the type, 
Ca/CaF2/NaF,M0,M,Na2M02. 
The actual cell arrangement was similar to that shown in 
Figure 3. The overall cell reactions are 
Ca + 2NaF + 2NiONa2Ni02 + CaFg + Ni, (21) 
Ca + 2NaF + 2FeONa2Fe02 + CaFg + Fe, (22) 
respectively. Consequently the standard free energy of forma­
tion can be written as 
AG°(Na2Ni02) = -2EF - AG°(CaF2) + 2(AG°(NaF) + AG°(NiO) ), 
and (23) 
AG°(Na2Fe02) = -2EF - AG°(CaF2) + 2(AG"(NaF) + AG°(FeO)). 
(24) 
Measurements were also made with the oxide electrolyte 
in the following cell arrangement 
M,Na,Na20/Th02-Y203/Cu20,Cu, 
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where M represents iron or nickel metal powder which was 
mixed with sodium and sodium oxide. The actual cell assembly 
was similar to that shown in Figure 2. If the double oxides 
of iron and nickel are not stable in the presence of liquid 
sodium saturated with NagO, the emf of these cells will 
correspond to the emf of the cell Na,Na20/Th02'Y202/Cu20,Cu. 
Otherwise a higher emf will be observed. 
An attempt was also made to determine the standard free 
energy of formation of the trivalent nickel compound NaNiOg 
with the cell 
NaNi02 .NagNiOg/ThOg'YgO^/CugO.Cu. 
The overall cell reaction in this case is 
NagNiOz + NiO + CUgO -> ZNaNiOg + 2Cu. (25) 
With the assumption that the anode phases exist in their 
standard states or have negligible mutual solubility one can 
express the standard free energy of formation of NaNiOg as 
AGrCNaNiOg) = -EF + l/ZCAGTCNagNiO,) + AG°(NiO) + AG"(CU2O). 
( 2 6 )  
If the thermodynamic data for the compound Na2Ni02 can be 
derived from the previous cell one can calculate the values 
for AG°(NaNi02) by using Equation 26. 
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RESULTS 
Identification of Reaction Products and Compounds 
The reaction bands formed at the sodium-Inconel interface 
at 850, 750 and 650®C are shown in Figures 4, 5 and 6 respec­
tively. The interface of Inconel exposed to reactor grade 
sodium containing less than 50 ppm oxygen, for 250 hours at 
7 50°C is shown in Figure 7 for comparison and it is apparent 
that very little reaction occurs with low oxygen-containing 
sodium. With specimens exposed to sodium initially saturated 
with oxygen it is-seen that the depth of intergranular attack 
is strongly temperature dependent. Grain boundary attack and 
internal oxidation is clearly shown in Figure 5. In Figure 8 
the etched condition of the same sample shown in Figure 7 
shows that there was some precipitate, presumably chromium 
carbide, along the grain boundaries and in the matrix of the 
Inconel. However, precipitate was partly leached out at the 
Inconel-sodium interface as is evident in Figure 9. This 
effect is probably due to the depletion of chromium by the 
formation of NaCr02 and the dissolution of the liberated 
carbon by the oxygen-contaminated sodium. 
The dark corrosion product was identified as NaCr02 by 
microprobe and X-ray diffraction analysis. The results of 
microprobe analyses of the reaction band obtained at 850°C 
are shown in Figures 10, 11, 12, 13 and 14. The top portion 
of each figure shows unaffected Inconel. The light areas in 
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Figure 4. Reaction band at Inconel-sodium interface after 
250 hr at 850®C, 500X, unetched. Dark phase is 
NaCr02 
Figure 5. Reaction band at Inconel-sodium interface after 
250 hr at 750*C, 500X, unetched, showing internal 
oxidation and grain boundary penetration by 
NaCr02 
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Figure 6. Reaction band at Inconel-sodium interface after 
250 hr at 650®C, 500X, unetched 
$ 
Figure 7. Inconel-sodium interface after 250 hr at 750®C 
in contact with sodium containing less than 50 
ppm oxygen, 50OX, unetched 
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Figure 8. Etched condition for the same sample shown in 
Figure 7 indicates that there was some precipi­
tate along the grain boundaries and also inside 
the matrix, 500X 
Figure 9. Etched condition for the same sample shown in 
Figure 6 shows that the precipitated phases 
were partly leached out at the Inconel-sodium 
interface, 500X 
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Fig. 10. Microprobe specimen-cur­
rent modulations scan showing den­
sity variations in reaction band, 
1 200X, light areas are regions of 
low density. 
Fig. 11. Microprobe scan showing 
sodium distribution using sodium 
emission modulation, 1200X, 
light areas indicate presence of 
sodium. 
Fig. 12. Microprobe scan, showing 
chromium distribution, light areas, 
using chromium emission modu­
lation, 1200X. 
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Figure 13. Microprobe scan showing iron distribution, light 
areas, using iron emission modulation, 1200X 
V 
Figure 14. Microprobe scan showing nickel distribution, 
light areas, using nickel K™ emission modulation, 
1200X 
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Figure 8 represent areas of low density. The density of 
NaCrOg is 4.3 gms/cm^ while the density of Inconel is about 
% 
8.6 gms/cm . The light regions in Figures 9 and 10 show that 
sodium and high chromium concentrations are associated with 
these same areas and Figures 8 and 9 show that these areas 
are essentially depleted of iron and nickel. The dark regions 
in Figure 10 indicate an absence of chromium and these regions 
correspond to the light areas in the reaction band of Figure 
4. It may be concluded that these light areas are basically 
nickel-iron solid solution containing very little or no chro­
mium. 
The presence of NaCrOg was confirmed by X-ray powder-
diffraction data which are summarized in Table A1 in Appendix 
A. All the lines could be accounted for on the basis of dif­
fraction lines for Inconel or sodium chromite except for a 
few very weak lines as indicated in the table. Only the 
strongest NaCrO? lines were measurable in patterns for the 
650 and 750°C scales; the dominant lines were those of 
Inconel or Ni-Fe solid solution. 
The crystal structure of sodium chromite was determined 
by Rudorff and Becker (41) . Their structure data were 
employed to calculate the hexagonal d-spacings and relative 
intensities. These data are given in column one of Table A1. 
The X-ray diffraction pattern of sodium chromite prepared by 
Reaction 14 is given in column four for comparison. Pure 
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chromium crystals exposed to oxygen-<containing sodium also 
developed a dark green surface layer of sodium chromite and 
the diffraction pattern of this material is given in column 
five. 
X-ray diffraction analysis of powder removed from the 
crucible wall by grinding as described previously was used to 
determine the lattice constant of the chromium depleted Ni-Fe 
solid solution. The d-values and the lattice constants are 
given in Table A2. The d-spacings for unreacted Inconel are 
also given in column one for comparison. It was found that 
the lattice parameter of the crucible wall of the 850°C test 
was significantly changes from that of the as received 
Inconel. The lattice constants obtained for the 750 and 650°C 
tests showed a much smaller change because very little NaCrO^ 
was formed at the interface and the samples obtained by the 
grinding procedure were mainly Inconel with only a small 
amount of Cr-depleted Ni-Fe solid solution. 
Similar procedures were applied to examine the inside 
surface of the iron and nickel crucibles equilibrated with 
oxygen-saturated sodium at 850°C for 250 hours. The micro-
structure for each is shown in Figures 15 and 16, respec­
tively. Surface roughening is apparent in both microstruc­
tures and indicates the occurrence of a surface reaction. 
Some grain boundary penetration is also indicated. X-ray 
diffraction patterns of the residues remaining after the 
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Figure 15. Iron-sodium interface after 250 hr at 850®C in 
oxygen-saturated sodium, SOOX, etched 
Figure 16. Nickel-sodium interface after 250 hr at 850°C 
in oxygen-saturated sodium, SOOX, etched 
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sodium was distilled off at 300°C indicated predominantly 
CNa20)2"FeO compound in the iron crucible and a mixture of 
NagO and nickel in the nickel container. The reasons for 
these observations are explained in a later section. 
Characterization of NaMOg Type and Na2M02 Type Compounds 
The crystal structures and the densities for the com­
pounds NaCr02, NaNi02 and NaFeOg have been reported (44). 
The results obtained by single crystal techniques in this 
investigation indicate that the crystal structure of Na2Ni02 
compound is orthorhombic. Its powder diffraction pattern 
indexed accordingly and its lattice constants are given in 
Table A3. The crystal structures for compounds Na2Fe02 and 
(Na20)2*Fe0 are not known. However, their powder diffraction 
patterns are given in Tables A4 and A5, respectively. The 
X-ray diffractions of the products obtained by heating mix­
tures of Na2Ni02 and NaNiOg at 600°C in a helium atmosphere 
indicate that extensive solid solution is formed or else some 
intermediate phase or compound is produced. However, no 
compound or solid solution was found with Na20 content less 
than that in Na2Ni02 compound. Na2Fe02 and (Na20)2*Fe0 com­
pounds also interact with one another to form solid solutions 
or intermediate phases. X-ray data also show a pronounced 
change in the pattern for Na2Fe02 when it is heated with FeO 
at 600®C under one atmosphere of helium. A compound or solid 
solution richer in FeO or (Na20)^ ^ -FeO is probably formed. 
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The density of Na2Ni02 was measured by the pyconometric 
method while the melting points of some of the compounds were 
determined by standard differential thermal analysis. These 
results together with some other physical constants for the 
compounds are given in Table 2. 
Thermodynamic Properties of Compounds 
The experimental results and the lines of best fit 
obtained by a least squares treatment for the emf versus 
temperature plots for all the cells investigated are given 
in Figures 17 and 18 and Table 3. The expressions for AG" 
for each compound derived from the experimental measurements 
are given by the equations 
AGOCNaCrOg) = -169,840 + 2.51T(*K) (27) 
AG*(NaCr02) = -167,890 + 0.056T(®K) (28) 
AGOCNagFeOg) = -144,680 - 0.364T(°K) (29) 
AG°(Na20)2'FeO = -255,130 + 51.6T(°K) (30) 
AG°(Na2Ni02) = -130,090 + 4.55T(°K) (31) 
Equations 27, 29 and 31 were derived from measurements made 
with fluoride cells while Equations 28 and 30 were obtained 
from measurements made with the oxide cells. The standard 
deviations of the experimental potentials obtained from the 
oxide and fluoride cells for the compound NaCrOg are ^12 and 
2^8 mV which are equivalent to +0.9 and +0.2 Kcal/mole, respec-
Table 2. Physical constants of the NaM02 type and (Na20)^M0 type compounds 
Name Sodium 
chromite 
Sodium 
nicolate 
Sodium 
ferrite 
Disodium 
nickel 
dioxide 
Disodium 
iron 
dioxide 
Tetrasodium 
iron 
trioxide 
Formula NaCrO, NaNiO, NaFeOg NazNiO,* Na2Fe02 (Na^Ojg'FeO 
Color Green Black Black Greenish 
black 
Dark 
brown 
Brown 
Crystalline 
form 
Needles Platelets Platelets 
Crystal 
class 
hex hex hex ortho 
Density g/cm^ 
(a) X-ray data 
(b) Measured^ 
4.39 
4.36 
4,77 
4.72 
4.30 
4.23 4.67 
Melting point 1535+5°C 800+5°C 
Hygroscopic no yes yes yes yes yes 
^Stoichiometry of the compound was confirmed by chemical analysis within 
experimental error. 
^Obtained by the pyconometric method. 
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Table 3. Linear relations of the experimental potentials as a function of 
temperature for the solid electrolyte galvanic cells studied 
Compound Prototype cell arrangement Temperature Linear relation E(volt) 
range °K = A+BT(°K) 
NaCrOz Na.Cr.NaCrOg/ThOg'Y.Og/CUzO.Cu 636-841 
NagNiOg 
Ca/CaF2/NaF,Cr,Cr203.NaCrO, 687-939 
Na2Fe02 Ca/CaF2/NaF,Fe,Fe0,Na2Fe02 
(Na20)2• Na,Fe,Na20/Th02•Y2O3/CU2O,Cu 
FeO 
Na20,Fe,(Na20)^ 'Fe0/Th02•YgOg/ 
Cu^OpCu 
Ca/CaF2/NaF,Ni,Ni0,Na2Ni02 
693-920 
660-823 
653-823 
685-922 
Na,Ni,Na20/Th02'Y203/Cu20,Cu 635-853 
E=(0.955+0.015) 
+(0.368+0.021)xl0" 
E=C-0.0148+0.0203) 
+(1.847+0.024)xl0 
E=(0.765+0.034) 
+(0.843+0.040)xl0 
E=(l.370+0.014) 
-(0.418+0.019)xl0' 
E=(0.325+0.060) 
+(0.750+0.082)xl0' 
E=CO.757+0.014) 
+(0.938+0.018)xl0' 
E=(l.323+0.023) 
-(0.359+0.031)xl0 
- 3 r  
- 3 r  
- 3 r  
tively. The values of AG® derived from the fluoride cell, 
Equation 27, range from -168.4 to -167.2 Kcal/mole for the 
temperature range of 573 to 1073°K while a constant value of 
-167.8 ^  0.9 Kcal/mole was derived from the oxide cell data 
for the same temperature range. The mean deviation for both 
cells as derived from Equations 27 and 28 is 0.4%. The 
standard deviations of the measured emf for the compounds 
Na^FeOg, (Na20)2'Fe0 and Na2Ni02 are +4, +12, and +3 mV which 
are equivalent to +0.2, +0.5 and +0.2 Kcal/mole, respectively. 
The average values of AG°CNaCr02) from Equations 27 and 28 and 
the AG° derived from Equations 29, 30 and 31 for the compounds 
Na2Fe02, (Na20)2'FeO and Na2Ni02 are given in Table 4. The 
experimental potentials obtained for the cells studied are 
given in Tables A6 to A9. 
The linear relations for the experimental potentials as 
a function of temperature derived from the two oxide cells 
with (Na,Fe,Na20) and (Na,Ni,Na20) as anodes, Table 3, have 
negative slopes. Furthermore the observed potentials for 
these two cells agree closely with the calculated potentials f 
for the cell Na,Na20/Th02•Y202/Cu20,Cu as expressed by Equa­
tion 32. 
E^volt) " 1-305 - 0.382xl0"^T(°K) (32) 
These observations show that no double oxide was formed 
in these two cases under the experimental conditions and it 
may be concluded that oxygen-saturated sodium will reduce the 
Table 4. AG°^, and AS°^ and the standard deviation and estimated error for 
the double oxides 
Compound 
NaCrO-
NagNiOg 
(Na20)2'FeO 
Temp 
°K 
-AG° -AH° 
-AS" Std. 
AG 
deviation 
0 
and probable 
AH" AS 
error^ 
O  
573 168.1 169.8 2.51 0.9 1.3 0.9 1.3 1 1.1 
673 168 f t  t f  t f  f t  f t  f t  f t  1 1  
773 167.9 f t  f t  f t  f t  t f  t t  f t  f t  
873 167.8 f  f  t l  t f  f t  t f  f t  t f  f t  
973 167.6 f t  f t  f  f  t l  t f  f t  t f  f t  
1073 167.5 1 1  t f  f t  t t  t t  f t  f t  t f  
573 127.5 130.1 4.6 0.2 0 . 8 0.2 3.6 0.8 0.82 
673 127.1 M  tf  f t  f t  f t  t f  t f  t t  
773 126.5 ( t  t f  11 11 11 1 1  11 
873 126.1 f  r  t t  f t  f t  f t  t t  f t  I f  
973 125.6 f t  t f  t t  f t  t f  f t  t f  f t  
1073 125.2 f t  t f  t f  t f  f t  f t  f t  f t  
573 225.6 255 .1 51.6 0.2 0.2 0.2 1.1 0.9 1.3 
673 220.4 f t  f t  t t  t f  t f  t f  t f  I t  
773 215.2 f  f  t f  t f  f t  f t  t f  f t  t t  
873 210.1 f  f  t f  f t  t t  t f  f t  t f  t f  
973 204.9 t t  f t  t f  t f  f t  f t  f t  I t  
1073 199.8 t t  f t  f t  f t  t  f  t t  f t  f t  
^Kcal/mole. 
^cal/mole'deg. 
^The first number is standard deviation based on experimental emf data and 
the second number is the estimated probable error based on literature values for 
the compounds taking part in the cell reactions. 
Table 4. (Continued) 
Compound Temp 
°K 
-AG° -AH° -AS° Std. deviation and probable error 
A H "  A S °  
Na2Fe02 573 
673 
773 
873 
973 
1073 
144.9 
1! 
f  f  
145 
T f  
145.1 
144.7 -0.4 0.5 
M 
tl 
ft 
II 
rr 
t l  
T» 
t l  
II 
I I  
0.2 0.5 1.1 1.8 2 . 2  
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double oxides of nickel and iron to Na20 and the respective 
metals. As shown in the following section, a double oxide of 
iron becomes stable in the presence of oxygen-saturated sodium 
at temperatures above about 600®C and the nickel compound 
NagNiOg remains unstable up to 800®C. 
Calculation of Critical Oxygen Concentration 
In order to prevent the corrosion problems introduced by 
the formation of sodium chromite, NaCr02, in a chromium and 
oxygen-containing sodium system, the critical oxygen concen­
tration required in the liquid sodium for its formation must 
be known. This information can be derived by considering the 
following reaction 
^^(s) ^ °(in soin in Na) ^  NaCrOg. (33) 
Furthermore, by assuming that the activity for Na, Cr and 
NaCrOg is unity Equation 34 is obtained 
AGrCNaCrOg) = 2RT In = 2RT In NQYQ- (34) 
Where a^ = oxygen activity in sodium, 
Nq = mole fraction of oxygen in sodium and 
Yq = activity coefficient of oxygen in sodium. 
By assuming that Henry's law holds for the solution of oxygen 
in sodium up to the solubility limit one can use the YQ 
obtained from the Na-NagO equilibrium and the AG°(NaCr02) 
derived from the experiments to calculate the atom fraction. 
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Nq, values in Equation 34. The details involved in the cal­
culations are described in the Appendix B. The equilibrium 
solubility data of oxygen in sodium along with the activity 
coefficients Yq and the critical oxygen concentration Nq for 
the formation of NaCrOg are given in Table 5 for the tempera­
ture range 573 to 1073®K. Similar treatment has been applied 
to compounds Na2Ni02, Na2Fe02 and (Na20)2*FeO and the critical 
oxygen concentrations required for their formation are also 
given in Table 5. 
Table 5. Solubility data of oxygen in sodium, the activity coefficient of oxygen 
in sodium and the derived critical oxygen concentration in sodium^ for 
the formation of double oxides 
Solubility of oxygen Activity Critical oxygen concentration for the 
Temp in sodium, No coefficient formation of compounds 
°K of oxygen 
atom % wt % in sodium NaCr02 Na2Fe02 CNagOjg'FeO NazNiO, 
Yo PPM wt % wt % wt % 
573 1.61x10"^ 0.011 1.48xlO"27 3.6 __b __b __b 
673 8.58x10"^ 0.059 1.31xlO"22 2.5 __b __b __b 
773 2.96x10"! 0.21 6.1x10"!^ 2.1 __b __b __b 
873 7.69x10"! 0.54 4.1x10"!^ 1.7 0.1 0.5 __b 
973 1.64 1.15 7.05xl0"14 1.4 0.06 0.45 __b 
1073 3.05 2.14 4.85xlO"12 1.2 0.03 0.4 2.6 
^Liquid sodium in equilibrium with pure metals. 
^Concentration exceeds the solubility limit. Critical oxygen concentrations 
for the formation of NaCr02 compound in austenitic stainless steels and liquid 
sodium systems range from 8.6 to 3 ppm in the temperature range 573 to 1073°K. 
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DISCUSSION 
Reaction Band Formation on Inconel 
The results of the corrosion tests indicate that the 
reaction band formed at the Inconel interface by oxygen-con­
taining sodium consists of primarily two phases, dark sodium 
chromite, NaCr02, and a nickel-iron face centered cubic solid 
solution which contains very little chromium. There were a 
few X-ray diffraction lines as shown in Table A1 which did not 
belong to these two phases. Since these unidentified lines 
do not appear in the diffraction pattern obtained from the 
reaction product formed on pure chromium, they are probably 
due to some minor phase, possibly a carbide. The chemical 
analysis of the sodium after 250 hours equilibration with 
Inconel at 650, 7 50 and 850°C gave the following results: 8, 
6 and 88 ppm for chromium, respectively; 22, 34 and 100 ppm 
for nickel, respectively; 72, 54, 110 ppm for iron, respec­
tively. These results are high compared to the solubility 
data given for these elements in pure sodium (9). This is 
probably due to suspended reaction or erosion particles in 
the sodium which were entrapped during the rapid cooling of 
the Inconel crucible from the testing temperature. 
The data also indicate that the reaction apparently 
occurs by the diffusion of oxygen and sodium along the Inconel 
grain boundaries or through the chromite lattice and the 
diffusion of chromium through the Inconel lattice to the 
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reaction interface. It is also seen in Figure 11 that sodium 
is present at the reaction interface and that a chromium con­
centration gradient extends from the reaction interface into 
the unaffected Inconel. There is no evidence for a CrgO^ band 
at the leading edge of the reaction zone. Due to the large 
increase in volume on the formation of NaCrOg, the metal at 
the leading edge of the reaction zone will be under a high 
tensile stress while the material below this region is under 
a compressive stress. The fine closely spaced reaction chan­
nels or sub-grain boundaries shown in Figure 6 are probably 
the results of stress induced crystal defects or recrystalli-
zation of the Inconel matrix. Internal oxidation is more 
pronounced in the reaction band shown in Figure 5. This 
indicates that diffusion of oxygen and sodium along the grain 
boundaries or through the sodium chromite lattice determine 
the rate of penetration at 750°C and possibly also at 650®C. 
The penetration of the reaction band is much more uniform at 
850®C probably as the result of more rapid stress relief by 
plastic flow or diffusion at this temperature. 
The lattice constants are recorded in Table A2 for the 
Inconel and for chromium depleted alloy removed from the 
reaction band. The pronounced change in the lattice constants 
caused by the chromium depletion is consistent with the re­
sults of the microprobe analysis, see Figure 12. Bradley et 
al. (70) have reported the change in lattice parameter of 
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nickel due to the addition of iron. The comparison of their 
data with the lattice constant obtained from the 850®C test 
indicates that the interface alloy has a composition of 13.6 
wt % iron. However based on the composition of Inconel and 
assuming complete depletion of chromium one should get a Ni-
Fe solid solution with 9.7 wt % iron. The microprobe data 
indicate that little or no chromium remains in the interface 
alloy. The observed lattice constant corresponds to a higher 
iron content but this is very likely due to inclusion of some 
unaffected Inconel in the samples taken by the grinding pro­
cedure described previously. The inclusion of unaffected 
Inconel is also indicated by the d-spacings for the 750 and 
650°C samples. 
Standard Free Energy of Formation for the Compounds 
Na2Ni02, (Na20)2*Fe0, NagO'FeO and NaCrOg 
The free energy data for the various compounds are sum­
marized in Table 4 and by Equations 27, 28, 29, 30 and 31. 
Although these data are consistent with other observations 
made in this investigation as well as in the literature, the 
derived Equations 27-31 all show unrealistically low entropies 
of formation for the compounds. This discrepancy is difficult 
to explain, especially in view of the fact that the cell 
Ni.NiO/ThOg'YgOg/CUpCugO behaved as expected and yielded 
results in ^;ood agreement with known values. Also, the cells 
Fe.Na.NagO/ThOg'YgOg/CUgO.Cu and Ni,Na,Na20/Th02•Y2O3/CU2O ,Cu 
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both yielded results consistent with expected values on the 
basis that neither the iron or nickel double oxides are stable 
in the presence of liquid sodium at temperatures below 600°C, 
see Figure 18. Furthermore relatively good agreement was 
obtained for the free energy of formation of NaCrO^ obtained 
with both the thoria and the calcium fluoride cells. 
The entropy of formation of the compounds has been esti­
mated by procedures outlined by Kubaschewski et aJ.. (71). 
They suggest that for predominantly ionic compounds the entro­
pies may be obtained additively from values found empirically 
for the cationic and anionic constituents. By applying their 
approach and their empirical values the entropy of NaFeOg was 
estimated to be 19.3 cal/mole-deg at 298°K. The experimental 
value for the same compound reported by King (7 2) is 21.1 + 
0.1 cal/mole-deg at the same temperature. The agreement is 
within 10%. The entropies for compounds NaCrOg, Na2Ni02, 
Na2Fe02 and (Na20)2'Fe0 were estimated by the same method and 
the results are given in column 2 of Table 6. The entropies 
of formation of the compounds derived from these data and 
entropy data tabulated by Stull and Sinke (73) for the ele­
ments, or As = are also given in Table 6, Column 3. 
Kubaschewski e^^t al_o (71) also suggested that the entropy of a 
double-oxide compound is approximately equal to the sum of the 
entropies of the constituent oxides. They also give the 
entropy of formation of the metal oxides. Therefore by 
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Table 6. Estimated entropies of formation^ in cal/mole-deg 
Compound c 0 b 
^298 
0 
-AS J 
-ASJi -As;^i 
NaCrOg 19.1 49.5 47.3 44.8 
Na^NiOg 27.3 56.6 54.9 53.0 
27.2 56.1 50.1 48.2 
(NagOOz'FeO 43.5 92.1 84.7 80.6 
Q .  o 
ASj calculated from the S298 values for the elements 
and the 8293 values for the compounds given in column 2. 
ASji estimated on the assumption that AS° for the forma­
tion of the compounds from the respective oxides is zero. 
ASiii estimated for 773°K by taking into account estimated 
values of ACp for the formation reactions. 
b o 
S 2 9  8  estimated by method outlined by Kubaschewski et al. 
(71). — 
assuming the entropy for the formation of the compounds from 
their respective oxides is zero it was possible to calculate 
the entropy of formation of the compounds. These values are 
tabulated in column 4 of Table 6. The values given in the 
last column are the values given in column 4 adjusted to 773°K, 
the approximate mean temperature of the emf measurements, 
assuming that AC^ for the formation reaction is 2.5 calories 
per mole of oxygen, Og. These values combined with the values 
of AG® for the compounds NaCrOg, Na2Ni02, NagO'FeO and 
(NagOQg'FeO at 773°K given in Table 4 permit one to calculate 
AH® for the compounds to be 202.4, 167.5, 182.2 and 276.4 
Kcal/mole, respectively. By assuming the values for AH° and 
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AS° are temperature independent as given in columns 3 and 4 
of Table 7, the free energy of formation of the compounds can 
be estimated. The values are given in the last column of 
Table 7. 
Table 7. Estimated free energies of formation of compounds 
Compounds Temp. AH°* AS°b AG° = A1I°-TAS° 
°K 
-Kcal/mole cal/mole-deg -Kcal/mole 
NaCrO? 573 202.4 44.8 176.7 
Ù  673 ir  I t  172.2 
773 rf  I t  167.8 
873 f f  I f  163.3 
973 tr  I t  158.9 
1073 11 I f  154.3 
Na-NiO. 573 167.5 53 137.1 
Ù  Ù  673 I I  I I  131.8 
773 M I I  126.5 
873 11 I t  121.2 
973 11 I I  115.9 
1073 I I  I I  110.6 
Na^FeO? 573 182.2 48.2 154.6 
Ù  U  673 I f  11 149.8 
773 I t  11 144.9 
873 I I  I I  140.1 
973 I f  I t  135.3 
1073 I I  I t  130.5 
(Na-O)-'FeO 573 276.4 80.6 230.2 
L  Ù  673 I I  I I  222 .2 
773 11 11 214.1 
873 I I  I t  206.0 
973 I I  11 198.0 
1073 I I  I t  190.0 
^AH® based on AST T T  of Table 6 and the AG" at 773°K in 
Table 4. 
ASjii taken from Table 6 and assumed to be independent 
of temperature. 
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The calculated critical oxygen concentrations in sodium 
for the formation of the compounds, NaCr02, Na20*Fe0 and 
Na^NiOg, based on the adjusted AG" values given in Table 7, 
are summarized in Table 8. The procedures employed in these 
calculations were described previously. It is seen on compar­
ison with the data in Table 5 that the critical concentrations 
show a reversed trend with respect to temperature. The magni­
tudes are the same at 773°K because the new values for the 
free energy were adjusted to the 773°K value of Table 4. 
The critical oxygen concentration with austenitic stain­
less steel for the formation of NaCrOg is about 10 PPM at 
600®C. Values for other temperatures are given in the foot­
note of Table 8. These data also show that the compound 
Na2Fe02 will be formed in a stainless steel and sodium test 
loop when the oxygen content is equal to or less than the 
solubility limit at temperatures of about 600°C and above. 
At temperatures below 600"C the compound is reduced to 
metallic iron and NagO. The compound Na2Ni02 is similarly 
reduced and therefore unstable in oxygen-saturated sodium at 
temperatures up to 800°C. These conclusions are roughly the 
same as those indicated by the data in Table 5. Furthermore 
the thermodynamic data are consistent with other observations 
made in this investigation and observations reported in the 
literature as discussed below. However, the discrepancy in 
the entropy terms introduces a very undesirable uncertainty 
Table 8 . Solubility data of oxygen in sodium, the activity coefficient of oxygen 
in sodium and the derived critical oxygen concentration in sodium^ for 
the formation of double oxides 
Temp 
°K 
Solubility of 
oxygen in Na 
wt% 
Activity Coeff. 
of oxygen in Na 
YO 
Critical oxygen 
the formation 
NaCrOg Na2Fe02 
concentration for 
of double oxides 
CNa20)2"FeO Na2Ni02 
ppm wt % wt% wt % 
573 0.011 1.48xlO"27 0.1 __b __b __b 
673 0.06 1.31xlO"22 0.6 __b __b __b 
773 0.21 6.1x10"^^ 2.2 __b __b __b 
873 0.54 4.1xlO"lG 6.2 0.5 __b __b 
973 1.15 7.0xl0"14 14.1 0.6 __b __b 
1073 2.14 4.85x10"^^ 20.3 0.7 1.8 __b 
^Calculated from the new AG° values given in Table 8 and assumed that liquid 
sodium in equilibrium with pure metal. 
^Concentration exceeds the solubility limit. Critical oxygen concentrations 
for the formation of NaCrOz compound in austenitic stainless steels and liquid 
sodium systems are 0.2, 1.1, 4.1, 11.5, 26.4 and 52 ppm respectively for the above 
temperatures. 
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in the free energy data. 
A further search of the literature has revealed that 
Isaacs ejb (74) reported that an equilibrium exists at 
500®C between a reduced and oxidized Cr-0 compound in a Cr-0-
Na system. They did not identify the phases present. However, 
the data discussed in the preceding sections show that only 
one compound, NaCrOg, is formed in such a system. The equi­
librium they observed can now be given as 
Cr(s) + Na(&) + 2 0(in Na soin) % NaCrOgCs). ( 3 3 )  
At constant temperature and pressure this system is invariant 
as long as the three phases persist. The 0 concentration in 
the Na was tentatively set by them to be 17 wt ppm (mole 
fraction NQ = 2.44x10 ^). The free energy of formation of 
NaCrOg based on the equilibrium represented by Reaction 32 is 
AGOfNaCrOg) = RT In a^ = 2RT In (NqYq) (35) 
where AG° is the standard free energy of formation, R is the 
gas constant, T is the temperature, Nq is the mole fraction, 
and Yg is the activity coefficient. The standard free energy 
of formation of Na20 and the solubiliby of 0 in liquid Na, as 
described in Appendix B, give an activity coefficient of 
- 1  Q  
6.17x10 for 0 at 500°C. With the assumption that this 
activity coefficient also holds at a concentration of 77 ppm, 
Henry's Law, the calculated free energy of formation of NaCrOg 
is -161.5 Kcal. The same investigators also observed an emf 
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o£ 0.154 and 0.161 volts between their sodium solution and a 
Th02*Y202/Na20,Na oxygen meter. The actual cell was appar­
ently 
Cr(s),Na(&).NaCTOgCsj/ThOg-YgOg/NagOCs),Na(&) 
for which the over-all reaction is 
Cr(s) + ZNagOCs) NaCr02 + 3Na (36) 
Therefore 
AG°(NaCr02) = -4FE + 2AG°(Na20) = -161.3 Kcal/mole. 
The agreement is exceptionally good and implies that the solu­
bility and emf data as well as the other data involved are 
highly consistent. 
If the Cr in the above reactions is dissolved in 304 
stainless steel, the activity of Cr can be taken as 0.20, the 
atom fraction of Cr, and to calculate the critical 0 concen­
tration we have 
AG°(NaCr02) = -161,350 = 2RT In Nq(6.17xl0"^^) + RT In a^^ 
or (37) 
In Nq = -9.790 and Nq = 5.60x10 ^ or 39 wt ppm. 
Isaacs e;t (74) also observed potential arrests at 
1.158 and 1.152 volts as the 0 content of the Na was varied 
at 362°C with the cell 
Na,304 stainless steel/Th02*Y2O2/CU,Cu20. 
Assuming sodium chromite had formed to some extent at the 304 
stainless steel/Na interface, the reversible emf at 1.158 V 
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could correspond to the cell reaction 
Na + Cr + 2CU2O -> NaCrOg + 4Cu (16) 
from which AG^CNaCrOg) = -167,280 cal/mole. The arrest at 
1.152 V could equally well be assigned to this reaction. The 
reason for two potential arrests is not known. Accepting the 
values at 500°C and 362°C for the free energy of formation of 
NaCr02, the entropy of formation would be -42.9. 
The data in Table 7 for the free energy of formation for 
NaCrOg give 174 and 167.8 Kcal/mole at 362 and 500°C, respec­
tively, while the corresponding values calculated from Isaacs' 
et al. (74) data are 167.3 and 161.3 Kcal/mole. The agreement 
is within 4%. 
Tyzack (75) reported a value for the heat of combination 
of FeO and two Na20 to form the compound (Na20)2*Fe0 to be 
-24.8 Kcal per mole at 298®K. By assuming AG® = -24.8 Kcal 
for the reaction 
FeO + 2Na20 = (Na20)2'FeO (38) 
at 923°K and combining it with the reaction, 
NagO + Fe = FeO + 2Na(&) , (39) 
which gives a value of 21.5 Kcal for the free energy change at 
the same temperature, he estimated the free energy change for 
the reaction 
3Na20(in Na) + Fe(s) = (Na20)2•FeO(in Na) + 2Na(&) (40) 
to be -3.3 Kcal. Consequently, the relation 
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AG'CCNagOjg-FeO] = -3.3 + 3AG°(Na20) (41) 
must be satisfied. By substituting the value for AG°(Na20) 
at 923°K into the equation one gets the value for AG°((Na20)2' 
FeO) to be -207.9 Kcal/mole. In Table 7 the value derived 
from this investigation at the same temperature is about -202 
Kcal/mole. The agreement is within about 3%. 
It is shown in Table 9 that the critical oxygen concen­
tration in liquid sodium for the formation of (Na20)2*Fe0 
compound at 923°K is about 0.55 wt %. The activity of iron 
in stainless steel at the same temperature is not known but 
could be very close to unity. Consequently, the minimum 
oxygen concentration in the stainless steel case would be 
0.55 wt %. Tyzack (75) also estimated this critical oxygen 
level at the same temperature to be 0.55 wt %. This again 
shows good agreement. 
The standard free energy of formation per gram atom of 
oxygen for the double oxides shown in Table 9 are derived from 
the values given in the last column of Table 7. The values 
for AG"(Na20) derived from Equation B3 in the Appendix B are 
also given in Table 9 to show the stability of the double 
oxides in the presence of liquid sodium and Na20. 
Table 9. Stability of double oxides in the presence of liquid sodium and NagO^ 
Temperature -AG®/gram atom oxygen, Kcal/mole 
" C  N a g O  N a C r O g  N a g N i O z  N a g F e O g  ( N a z O j g ' F e O  
573 300 80.3 88.4 68.6 , 77.3 76.6 
673 400 76.8 86.1 65.9 74.9 74.1 
773 500 73.4 83.9 63.5 72.4 71.4 
873 600 69.9 81.7 60.6 70.1 68.7 
973 700 66.4 79.5 57.9 67.6 66.0 
1073 800 63.0 77.2 55.3 65.2 63.3 
^AG° of reaction Na20 + l/x(M)-^l/x(NayMO) (2-y/x)Na is negative when the 
compound is stable. 
NaCr02 is stable throughout the temperature range; Na2Ni02 is not stable, 
Na2Fe02 is stable above about 600°C; and (Na20)2-FeO becomes stable at about 800° 
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CONCLUSIONS 
A. Reaction bands obtained at the Inconel and oxygen-
saturated sodium interface at temperatures of 650, 750 and 
850°C consist of two phases, sodium chromite and a face-
centered cubic Ni-Fe solid solution with very low chromium 
content. The reaction bands show evidence of grain boundary 
penetration and internal oxidation. 
B. Metallographic evidence indicates minor surface 
reaction and grain boundary penetration at the interface of 
pure iron and pure nickel in contact with oxygen-saturated 
sodium at 850°C. The nickel interface showed the least evi­
dence of attack. The data show that a double oxide of iron 
is stable and does form in Armco iron crucibles at 850°C. 
C. Thermodynamic data for the compound Na2Ni02 indicate 
that it will not be formed in any Fe-Ni-Cr alloy and oxygen-
saturated sodium systems at temperatures up to 850°C. 
D. The compound Na20*Fe0 is stable in oxygen-saturated 
liquid sodium above about 600°C and the compound (Na20)2*Fe0 
becomes stable at about 800°C. 
E. The compound NaCrOg is the most stable of the four 
double oxides. It will be formed in a sodium loop made of 
stainless steels with oxygen concentration greater than about 
50 ppm at 800°C. 
F. The entropy of formation for the compounds NaCr02, 
Na20*Fe0, (Na20)2*Fe0 and Na2Ni02 shown in Equations 27 to 31 
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is too low. The reason for this fact is not known but may 
possibly be due to the cumulative errors involved in the tem­
perature coefficients of the emf measurements. In the lack 
of experimental specific heat data, the entropy of formation 
for any double oxide can be estimated by the method outlined 
by Kubaschewski e^ al_. (71) with reasonable accuracy. 
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APPENDIX A 
Table Al. X-ray diffraction patterns of NaCrOg and inconel corrosion scale 
NaCr02 calculated Observed d values Observed d values, Inconel scale 
hk£ ^ intensity synthe- Cr^crystal Relative 
^ intensity sized 850°C 850 C 750 C 650 C intensity 
0 0 3  5 . 3 0 3  7 7 0  5 . 2 0 4  5 . 2 4 9  5 . 2 2 5  5 . 2 6 8  5 . 2 7 7  V S  
— — • — — — — — — — 2 . 7 4 6 6  2 . 7 5 0  — V ¥  
0 0 6  2 . 6 5 1 5  3 2 0  2 . 6 3 2  2 . 6 4 5  2 . 6 2 9  2 . 6 5 0  2 . 6 3 7  M  
1 0 1  2 . 5 3 8 3  7 4 0  2 . 5 2 1  2 . 5 2 8  2 . 5 2 2  2 . 5 3 0  — — — M  
0 1 2  2 . 4 4 6  5 5 0  2 . 4 2 8  2 . 4 3 5  2 . 4 3 3  2 . 4 3 4  2 . 4 4 9  S  
— 
— — — — — — 2 . 3 6 5  2 . 3 4 5  2 . 3 3 8  W  
1 0 4  2 . 1 5 9  1 0 0 0  2 . 1 5 0  2 . 1 5 3  2 . 1 5 0  2 . 1 5 7  2 . 1 5 6  W S  
1 0 7  1 . 7 0 2 9  9 0  1 . 7 0 0  1 . 7 0 0  1 . 7 0 0  W  
0 1 8  1 . 5 7 3 0  2 6 0  1 . 5 7 0  1 . 5 6 8  1 . 5 7 1  1 . 5 7 0  1 . 5 6 0  S  
1 1 0  1 . 4 8 4 5  3 4 0  1 . 4 8 1  1 . 4 8 3  1 . 4 8 2  1 . 4 8 6  1 . 4 8 6  S  
1 1 3  1 . 4 2 9 5  8 0  1 . 4 2 7  1 . 4 2 8  — W  
1 0 1 0  1 . 3 5 2 9  1 7 0  1 . 3 5 2  1 . 3 5 2  1 . 3 5 1  — M  
1 0 1 2  1 . 3 2 5 7  3 0  1 . 3 2 5  1 . 3 2 6  1 . 3 2 6  — — W W  
1 1 6  1 . 2 9 5 3  1 0 0  1 . 2 9 3  1 . 2 9 5  1 . 2 9 3  - — - W  
0 2 4  1 . 2 2 3 3  1 5 0  1 . 2 2 1  1 . 2 2 3  1 . 2 2 2  - - - M  
2 0 8  1 . 0 7 9 6  7 0  1 . 0 7 9  1 , 0 8 1  1 . 0 8 0  W  
0 1 1 4  1 . 0 3 9 4  1 0 0  1 . 0 4 0  1 . 0 4 0  — — - W  
2 1 7  0 . 8 9 3 6  2 0  0 . 8 9 5  — — - — — — — W W  
1 2 8  0 . 8 7 3 1  5 0  0 . 8 7 4  0 . 8 7 5  0 . 8 7 5  v w  
1115 0 . 8 6 3 0  3 0  0 . 8 6 5  W W  
3 0 0  0 . 8 5 7 1  9 0  0 . 8 5 8  — — — — w  
1211 0 . 8 0 6 6  3 0  0  . 8 0 8  — — — — W W  
a .  =  2 . 9 6 9  2 . 9 7 4 7 *  2 . 9 7 4 5  2 . 9 7 4 6  2 . 9 8 1 4  2 . 9 7 0 7  0  
+ 0 . 0 0 0 4 A  + 0 . 0 0 3  + 0 . 0 0 5  + 0 . 0 0 8 2  + 0 . 0 0 1 6  
Cq = 15.909 15.9487o 
+0.0035A 
15.9566 
+ 0 . 0 0 2 6  
15.9568 16.0461 15.8050 
+0.0068 +0.1030 +0.0197 
hkil 
111 
2 0 0  
2 2 0  
311 
311 
2 2 2  
222 
400 
400 
331 
331 
420 
420 
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A2. X-ray diffraction data for Inconel 
Observed d values, Inconel (vacuum annealed) 
As received 850°C 750°C 650°C Relative 
intensity 
2 . 0 4 6 4  2 . 0 3 2 4  2 . 0 6 3 7  2 . 0 4 4 6  VVS 
1 . 7 7 3 8  1 . 7 6 1 7  1 . 7 8 5 7  1 . 7 7 1 2  V S  
1 . 2 5 5 1  1 . 2 4 8 1  1 . 2 5 6 3  1 . 2 5 4 1  V S  
1 . 0 7 0 9  1 . 0 6 4 8  1 . 0 7 4 8  1 . 0 6 9 5  V S  
1 . 0 7 0 7  1 . 0 6 5 0  1 . 0 7 3 8  1 . 0 6 9 9  M  
1 . 0 2 5 1  1 . 0 1 9 4  1 . 0 2 3 6  M  
1 . 0 2 4 8  1 . 0 1 9 7  1 . 0 2 4 8  W  
0 . 8 8 8 3  0 . 8 8 3 0  w  
0 . 8 8 8 1  0 . 8 8 2 8  w  
0 . 8 1 5 1  0 . 8 1 0 5  0 . 8 1 6 6  0 . 8 1 4 6  V S  
0 . 8 0 5 0  0 . 8 1 0 4  0 . 8 1 6 3  M  
0 . 7 9 4 5  0 . 7 9 0 0  0 . 7 9 5 5  0 . 7 9 4 1  V S  
0 . 7 9 4 5  0 . 7 9 0 1  0 . 7 9 5 5  M  
3 . 5 5 3 3  3 . 5 3 3 4  3 . 5 5 7 3  3 . 5 5 1 2  
0 . 0 0 0 1  + 0 . 0 0 0 2  + 0 . 0 0 0 3  + 0 . 0 0 0 3  
hk^ 
021 
0 0 2  
022 
110 
111 
040 
023 
112 
130 
131 
113 
133 
061 
151 
0 6 2  
152 
134 
063 
153 
2 0 2  
154 
171 
240 
223 
046 
065 
155 
117 
137 
192 
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A3. X-ray diffraction data for the compound Na2Ni02 
d spacing 2 theta Sin 0 Observed intensity 
Lattice 
parameters 
4. 3370 20 .477 0 .0316 VS 
4. 1335 21 .497 0 ,0348 VS 
3. 2082 27 . 8070 0 .0577 
2. 7177 32 .9570 0 .0805 VW 
2. 5882 34 .6570 0 .0887 M 
2. 5261 3 5  . 5370 0 .0931 S 
2. 4196 37 .1570 0 .1015 WS 
2. 2726 39 .6570 0 .1151 S 
2. 1631 41 . 7570 0 .1270 VS 
2. 0933 43 . 2710 0 .1356 S 
1. 9264 47 .1770 0 .1601 w  
1. 7040 53 . 7970 0 . 2047 w  
1. 6462 55 .8470 0 . 2193 M  
1, 6167 56 .9570 0 . 2274 S 
1. 5656 58 .9970 0 .2425 VW 
1. 5301 60 .5070 0 . 2538 S 
1. 5010 61 .8070 0 . 2 6 3 8  WW 
1. 4413 64 .6670 0 .2861 w  
1. 4134 66 .1070 0 . 2975 M 
1. 3404 70 .2170 0 .3308 WW 
1. 2907 73 .3470 0 .3567 W 
1. 2733 74 .5170 0 .3665 W 
1. 2338 77 .3370 0 .3904 W 
1. 2218 78 . 2370 0 .3981 M 
1. 2138 78 .8570 0 .4034 WW 
1. 1846 81 .1970 0 .4235 WW 
1. 1656 82 .8070 0 .4374 WW 
1. 0868 90 .3570 0 .5031 WW 
1. 0401 95 .6570 0 .5493 WW 
1. 0156 98 . 7570 0 .5761 WW 
1. 0081 99 . 7570 0 .5847 WW 
0. 9437 109 . 5470 0 .6673 WW 
0. 9355 110 .9870 0 .6791 WW 
0. 9208 113 .6870 0 .7009 WW 
0. 9069 116 .4270 0 .7225 WW 
a= 2.9 
b=10.1 
c= 8.2 
a= B= Y=90° 
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Table A4. X-ray diffraction data for the compound Na2Fe02 
Observed intensity sin^0 d spacing l/d^ 
vs 0 . 0 2 7 9 3  4 . 6 1 2 9 9  0 . 0 4 6 9 9 3  
v s  0 . 0 5 0 9 5  3 . 4 1 5 3 1  0 . 0 8 5 7 3 2  
M  0 . 0 8 3 8 8  2 . 6 6 1 7 6  0 . 1 4 1 1 4 4  
W  0 . 0 9 2 0 8  2 . 5 4 0 4 1  0 . 1 5 4 9 5 0  
W  0 . 0 9 7 5 0  2 . 4 6 8 8 1  0 . 1 6 4 0 6 9  
W 0 . 1 0 6 7 5  2 . 4 3 0 1 3  0 . 1 6 9 3 3 3  
W 0 . 1 0 6 7 5  2 . 3 5 9 4 6  0 . 1 7 9 6 2 8  
s  0 . 1 1 1 9 2  2 . 3 0 4 2 8  0 . 1 8 8 3 3 4  
v s  0 . 1 1 9 5 7  2 . 2 2 9 3 6  0 .  2 0 1 2 0 5  
M  0 . 1 5 3 6 1  1 . 9 6 6 8 8  0 . 2 5 8 4 9 1  
W 0 . 1 7 4 2 8  1 . 8 4 6 5 7  0 . 2 9 3 2 7 0  
S 0 . 2 1 8 8 9  1 . 6 4 7 7 2  0 . 3 6 8 3 2 7  
w  0 . 2 3 3 1 2  1 . 5 9 6 6 3  0 . 3 9 2 2 7 7  
w  0 . 2 3 7 2 6  1 . 5 8 2 6 2  0 . 3 9 9 2 5 2  
w  0 . 2 5 2 9 5  1 . 5 3 2 7 5  0 . 4 2 5 6 5 3  
w  0 . 3 1 6 1 0  1 . 3 7 1 1 3  0 . 5 3 1 9 1 2  
w 0 . 3 2 3 7 5  1 . 3 5 4 8 3  0 . 5 4 4 7 8 9  
w  0 . 3 4 2 7 6  1 . 3 1 6 7 4  0 . 5 7 6 7 6 5  
M 0 . 3 6 6 8 0  1 . 2 7 2 8 5  0 . 6 1 7 2 2 9  
W 0 . 3 9 9 4 6  1 . 2 1 9 7 1  0 . 6 7 2 1 8 6  
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Table AS. X-ray diffraction data for the compound (Na20)2*Fe0 
2 2 Observed intensity sin 0 d spacing 1/d 
M  0 . 0 1 7 2 9  5 . 8 6 3 2 7  0 . 0 2 9 0 8 8  
W 0 .  0 2 6 4 5  4 . 7 3 9 9 4  0 . 0 4 4 5 1 0  
M  0 . 0 3 0 0 6  4 . 4 4 5 9 8  0 . 5 0 5 9 0  
W 0 . 0 3 2 3 4  4 . 2 8 6 7 1  0 . 0 5 4 4 1 9  
W S  0 . 0 3 9 3 1  3 . 8 8 8 3 5  0 . 0 6 6 1 4 1  
S  0 . 0 5 2 4 2  3 . 3 6 7 1 3  0 . 0 8 8 2 0 2  
W 0 . 0 6 0 4 7  3 . 1 3 4 9 8  0 . 1 0 1 7 4 9  
M  0 . 0 6 9 5 0  2 . 9 2 4 2 4  0 . 1 1 6 9 4 3  
W  0 . 0 7 7 9 3  2 . 7 6 1 4 8  0 . 1 3 1 1 3 5  
W 0 . 0 9 2 5 4  2 . 5 3 4 1 6  0 . 1 5 5 7 1 5  
M  0 . 0 9 9 2 2  2 . 4 4 7 3 7  0 . 1 6 6 9 5 5  
S 0 . 1 1 2 3 6  2 . 2 9 9 7 6  0 . 1 8 9 0 7 6  
v s  0 . 1 1 9 6 3  2 . 2 2 8 8 3  0 . 2 0 1 3 0 0  
w  0 . 1 2 9 7 1  2 . 1 4 0 4 1  0 . 2 1 8 2 7 6  
v s  0 . 1 4 4 7 2  2 . 0 2 6 3 9  0 . 2 4 3 5 3 0  
s  0 . 1 5 0 9 2  1 . 9 8 4 3 7  0 . 2 5 3 9 5 3  
w 0 . 1 5 9 1 3  1 . 9 3 2 5 0  0 . 2 6 7 7 7 1  
M 0 . 2 1 0 1 5  1 . 6 8 1 0 4  0 . 3 5 3 6 2 0  
M 0 . 2 1 9 6 1  1 . 6 4 5 0 1  0 . 3 6 9 5 4 2  
W 0 . 2 5 3 1 8  1 . 5 3 2 0 6  0 . 4 2 6 0 3 6  
S 0 . 2 7 6 6 7  1 . 4 6 5 5 9  0 . 4 6 5 5 5 6  
M 0 . 3 3 3 6 7  1 . 3 3 4 5 4  0 . 5 6 1 4 8 2  
W 0 . 3 6 6 0 4  1 . 2 7 4 1 6  0 . 6 1 5 9 5 5  
W 0 . 6 2 9 4 1  0 . 9 7 1 6 9  1 . 0 5 9 1 2 8  
Table A6. Measured emf data for the oxide and fluoride cells and emf-temperature 
equations obtained by least squares treatment for compound NaCr02 
Cell arrangement Cycle Heat Cool 
°K Cell 
emf, 
volts 
636 1.189 
675 1.206 
711 1.221 
759 1.232 
763 1.243 
803 1.251 
814 1.254 
841 1.268 
676 1.196 
803 1.249 
687 1.253 
711 1.284 
717 1.316 
771 1.409 
773 1.410 
812 1.487 
819 1.507 
828 1.523 
834 1.528 
838 1.549 
856 1.554 
858 1.570 
872 1.585 
875 1.590 
887 1.623 
893 1.639 
895 1.646 
Equation E=A+BT(°K) 
Na,Cr,NaCr02/Th02-
15x/o Y^Og/CugOiCU 
Ca/CaF2/NaF,Cr203, 
NaCr02,Cr 
IÎ 
!» 
E=0.955+0.015+(0.368+0.021)xlO'^T 
E= (-0.0148+0.0203) +(1.847+0.024) 
xlO-^T 
Table A6. (Continued) 
Cell arrangement Cycle Heat Cool 'K 
Cell 
emf, 
volts 
Equation E=A+BT(°K) 
Ca/CaF2/NaF,Cr202 
NaCrOg,Cr 
(continued) 
9 0 3  
9 0 7  
9 1 3  
919 
9 2 2  
9 3 9  
1 . 6 6 0  
1 . 6 4 6  
1 . 6 6 6  
1 . 6 8 4  
1 . 6 8 7  
1 . 7 1 9  
CO 
w 
Table A7. EMF data obtained from the fluoride and oxide cells for compound 
Na2Ni02 
Cell arrangement Cycle Heat Cool Temp °K 
Cell 
emf 
volts 
685 1.387 
743 1.455 
789 1.491 
833 1.538 
880 1.582 
922 1.616 
685 1.407 
743 1.458 
789 1.500 
833 1.541 
880 1.589 
922 1.620 
636 1.087 
675 1.076 
725 1.074 
753 1.050 
793 1.047 
833 1.018 
853 1.012 
658 1.097 
709 1.065 
730 1.060 
763 1.045 
818 1.036 
G(volts] = A+BT(°K) 
Ca/CaF2/NaF,NiO, 
Ni.NagNiOg 
Ni,Na,Na20/Th02' 
Y^Og/CUgO,Cu 
I T  
f  I  
11 
I t  
I t  
11 
I t  
t t  
I t  
11 
t t  
t 1  
11 
11 
11 
t t  
t 1  
t t  
11 
t t  
I t  
t 1  
11 
I t  
E=CO.757+0.014)+C9.383+0.177) 
xlO-^T 
E=CI.323+0.0 23)-(3.589+0.313) 
xlO'^T 
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Table AS. EMF data obtained for the cell Ca/CaFg/NaFiFe, 
FeO.NazFeOg 
Temp 
°K 
Cell emf 
volts = Cvolts) = A+BTCK) 
693 1.316* E=(0.765+0.034)+(0.843+0.040)xl0'^T 
723 1.342% 
791 1.428 
791 1.428 
819 1.455 
837 1.474 
861 1.492 
893 1.522 
920 1.535 
^Equilibrium potential was not obtained. 
Table A9 . EMF data obtained from the oxide cells Fe,Na,Na,0/Th0-•Y-0,/Cu-0,Cu 
and Fe,Na20,(Na20)2*Fe0/Th02-Y203/Cu20,Cu ^ ^ ^ z 
Cell arrangement Cycle Temp Cell Heat Cool °K em£ 
volts 
t r  6 6 0  1 . 0 9 7  
I f  6 9 3  1 . 0 7 5  
r t  7 2 3  1 . 0 6 7  
I T  7 7 5  1 . 0 4 8  
t t  8 2 3  1 . 0 2 4  
f t  7 7 3  1 . 0 4 7  
f  f  7 2 5  1 . 0 6 9  
'  I f  6 7 3  1 . 0 8 7  
i r  6 8 3  0 . 8 5 7  
V f  7 3 1  0 . 8 7 0  
r f  7 5 9  0 . 8 8 3  f t  7 7 3  0 . 8 9 7  
î f  7 7 8  0 . 9 0 1  
f t  8 2 3  0 . 9 6 3  
f t  6 5 3  0 . 8 0 5  
f t  6 7 3  0 . 8 4 2  
r t  7 3 0  0 . 8 7 1  
f t  7 3 1  0 . 8 6 7  
®Cvolt) - A.BT(°K) 
Fe,Na,Na20/Th02• 
Fe,Na20,(Na20)2° 
FeO/ThOg'YgOg/ 
CugOpCu 
E=(1.370+0.014)-(0.418+0.019) 
x10-3t 
E=(8.325+0.060)+ (0.750+0. 082) 
xlO-^T 
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APPENDIX B 
Consider the reaction 
Cr(s) ^ °(in soin, in Na) NaCrOg (Bl) 
and also assume that the activities for Na, Cr and NaCrOg are 
all unity. Then the following expression is obtained 
AG^NaCrOg) = 2RT In a^ = 2RT In NqTq (B2) 
where a^ = oxygen activity in sodium with respect to oxygen 
at 1 atm. 
NQ = mole fraction of oxygen in Na 
YQ = activity coefficient of oxygen in Na. 
Since Henry's law holds for infinitely dilute solutions, YQ 
would be constant at infinite dilution. By assuming that 
Henry's law holds for the solution of oxygen in sodium up to 
the solubility limit one can use the YQ obtained from the Na-
NagO equilibrium and the AG^CNaCrOg) derived from this investi­
gation to calculate the values for NQ in Equation B2. 
The free energy of formation of NagO and the equilibrium 
oxygen concentration in sodium (34,33) are given in Equations 
B3 and B4. 
AG°(NACR02) -100,120 + 34,60TC°K) (B3) 
ln(atom % 0) = 7.120 - ^,444 (B4) 
Now consider the following equilibrium and assume the activity 
is unity for Na and NagO 
88 
+ 0(in soin, in Na) ^  (B5) 
and one obtains Equation B6 
(B6) 
By substituting Equations B3 and B4 into Equation B6 one can 
calculate YQ any given temperature. Furthermore, substi­
tuting the values of YQ into Equation B2 one can calculate 
the critical oxygen concentration, NQ, for the formation of 
NaCrOg. The average chromium concentration in most austenitic 
stainless steels and nickel-base alloys is about 20 wt%. The 
activity of chromium in these alloys in the temperature range 
of interest in this investigation is not known. However, 
based on the results reported by Slough e^ al. (76) on the 
activities of chromium in solid Fe-Ni-Cr alloys with various 
compositions at 1147°K, the value for in stainless steels 
and Inconel alloys is estimated to be 0.29 at the temperatures 
of interest in this investigation. By substituting this value 
into Equation B7 and following the same procedures 
discussed before one can derive the critical oxygen concentra­
tion required for the formation of NaCrOg compound in stain­
less steels and sodium systems. If one assumes that Fe-Ni-Cr 
AG''(NaCr02) = RT(ln a^^ + 2(In YQ + In NQ)) (B7) 
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alloys are ideal solutions then the activity of each compo­
nent should be approximately equal to its weight fraction in 
a given alloy. In the case of chromium a^^ should be approx­
imately 0.2. This approximation gives a value for the crit­
ical oxygen concentration about 20% higher than the value 
obtained for a^^ equals 0.29. 
Since the concentration of iron in stainless steels is 
above 70 vt%, it is reasonable to assume that the activity of 
iron in these alloys is approximately unity. Consequently, 
the critical oxygen concentration for the formation of iron-
sodium double oxide in stainless steels and sodium systems 
would be about the same as those shown in Table 5. Since the 
compound NagNiOg will not be formed in a Fe-Ni-Cr alloy and 
sodium system with sodium oxide activity less than unity at 
temperatures up to 800°C, calculation of the critical oxygen 
concentration for the formation of this compound is therefore 
not conducted. 
